We carried out a new analysis of the spectrum of five-times-ionized zirconium Zr VI. For this we used sliding-spark discharges together with normal-and grazing-incidence spectrographs to observe the spectrum from 160 to 2000 Å. These observations showed that the analysis of this spectrum by Khan et al (1985 Phys. Scr. 31 837) contained a significant number of incorrect energy levels. We have now classified ∼420 lines as transitions between 23 even-parity levels 73 odd-parity levels. The 4s 2 4p 5 , 4s4p 6 , 4s 2 4p 4 4d, 5s, 5d, 6s configurations are now complete, although a few levels of 4s 2 4p 4 5d are tentative. We determined Ritz-type wavelengths for ∼135 lines from the optimized energy levels. The uncertainties range from 0.0003 to 0.0020 Å. Hartree-Fock calculations and least-squares fits of the energy parameters to the observed levels were used to interpret the observed configurations. Oscillator strengths for all classified lines were calculated with the fitted parameters. The results are compared with values for the level energies, percentage compositions, and transition probabilities from recent ab initio theoretical calculations. The ionization energy was revised to 777 380±300 cm −1 (96.38±0.04 eV).
Introduction
The zirconium atom has atomic number Z=40. Five-timesionized zirconium, Zr VI, is isoelectronic with neutral Br. The ground state is 4s 2 4p 5 2 P, and excited states are mainly of the type 4s 2 4p 4 nl. The first work on this spectrum was done by Paul and Rense [1] . From their observation of transitions to the ground term, they determined the 4p 5 2 P interval as well as the first excited state 4s4p 6 2 S 1/2 and several levels of the 4p 4 4d and 4p 4 5s configurations. Subsequently, Chaghtai [2, 3] re-observed the resonance transitions and found that nearly all of Paul and Rense's excited levels were in error.
Chaghtai gave values for 16 new levels in these configurations. Subsequently, Ekberg et al [4] re-investigated the spectrum and gave improved values for nearly all levels of the 4p 4 4d and 5s configurations. Seven of Chaghtai's levels were found to be spurious. Chaghtai et al [5] later extended the resonance lines to the 4p 4 5d, 6s, 6d, and 7s configurations. Khan et al [6] determined the levels of the 4p 4 5p
configuration by using longer wavelength transitions from the above configurations to levels of 4p 4 5p. In the present work we re-observed the spectrum of Zr VI in the vacuum ultraviolet and revised the analysis considerably. In particular, 13 of the 21 levels of 4p 4 5p reported by Khan et al [6] were found to be spurious. Several new levels of 4p 4 4d, 5s, 5d, and 6s reported in [6] were also found to be spurious.
Experiment
The observations used for this work were the same as used for earlier work in our laboratory on zirconium [7] . The main light source was a low-voltage sliding-spark with metallic Zr electrodes. The source was operated as described by Reader et al [8] . From 500 to 2000 Å the spectra were recorded on our 10.7 m normal-incidence vacuum spectrograph. From 160 to 500 Å the spectra were recorded on our 10.7 m grazing incidence spectrograph. Both instruments had gratings with 1200 lines/mm. The plate factor for the normal-incidence spectrograph was about 0.78 Å mm −1 . The plate factor for the grazing-incidence spectrograph at 350 Å was 0.25 Å mm −1 . From 600 to 2000 Å the spectra were calibrated by spectra of Cu II excited in a hollow cathode discharge. Below 600 Å calibration was obtained from lines of Y in various stages of ionization. Shifts between the positions of the reference spectra and those of the unknown spectra due to differing illumination of the spectrograph were removed by use of impurity lines of oxygen, nitrogen, carbon, and silicon. Complete references for the calibration spectra are given in [7] .
Ionization stages were distinguished by comparing the intensities of the lines at various peak currents in the spark. The spectra of Zr VI were relatively enhanced at a peak current of about 2000 A.
The wavelengths, intensities, and classifications of the observed lines of Zr VI are given in table 1. The intensities are estimates of photographic plate blackening. No effort was made to harmonize the intensities through the complete region of observation. The general uncertainty of the wavelengths is ±0.005 Å. Hazy lines (h) were given an uncertainty of ±0.010 Å; perturbed (p), or asymmetric lines (s, l) an uncertainty of ±0.020; unresolved (u) or doubly classified (dc) lines an uncertainty of ±0.030 Å. By perturbed we mean that the measured position may possibly be affected by the presence of a close line. The line at 1749.353 Å could not be measured in the original observations because of a local defect in the emulsion of one of the photographic plates. It was later recorded with an image plate [9, 10] on the normalincidence spectrograph. Its wavelength uncertainty was also taken as ±0.005 Å. All uncertainties are reported at the level of one standard deviation.
Spectrum analysis and level value determination
The analysis was carried out in a manner similar to that used for the recent analysis of Mo V [11] . As described there 'Interpretation of the spectrum was guided by calculations of the level structures and transition probabilities with the Hartree-Fock code of Cowan [12] . Further guidance was provided by construction of two-dimensional transition arrays with the computer spreadsheet method described by Reader [13] '.
The odd parity energy levels are given in table 2, the even levels in table 3 . In addition to the usual spectroscopic designations in either LS or jl (pair) coupling, the levels are given shorthand designations that are used in the classification of the spectral lines. The shorthand designations are explained in the footnotes to tables 2 and 3. As described in [11] 'the values of the energy levels were optimized with the computer program ELCALC [14] , an iterative procedure in which the observed wave numbers are weighted according to the inverse square of their uncertainties. The uncertainties of the level values given by this procedure are also listed'. For the level optimization only the most reliably classified lines were used.
That is, lines that were very weak or that appeared with suspiciously high intensities were excluded. Figure 1 shows a schematic overview of the positions of the 4s 2 4p 5 , 4s4p 6 , 4s 2 4p 4 4d, 5s, 5p, 5d, and 6s, configurations. It also shows the calculated positions of the 4s 2 4p 4 4f and 4s4p 5 4d configurations, although no levels have as yet been established for them. Nearly all levels of this configuration that could combine with the ground state were present in [4] . Remaining as unknown were ( 3 P) 4 . Values for these 9 levels were given in [6] . Our present work shows that 6 of the 9 were spurious. Details of these 9 levels are:
(1) ( 3 P) 4 [6] ; single line at 600.282 Å; places ( 1 D) 2 G 9/2 close to prediction (9) ( 1 D) 2 F 7/2 -present in [6] ; six transitions to levels of 4p 4 5p.
We note that the two J=9/2 levels of 4p 4 4d are established by single transitions that are close in wavelength, 600.282 Å and 602.387 Å. Thus, one could consider interchanging their classifications without changing the level values very much. Our present classifications were chosen to provide the best match with the level values given by the least-squares fit (LSF) with the Cowan code, described in section 4 below.
The structure of the 4p 4 4d configuration is shown in figure 2 . This is similar to figure 1 of [4] , except that we show here the observed positions of levels that were previously unknown. figure 3 we give the structure of the 4p 4 5s configuration. This is the same as figure 2 of [4] , except that here we designate the levels in jl coupling, rather than J 1 j. This coupling scheme is more now more commonly used for np 4 ns configurations. As already mentioned, all levels of this configuration were given in [6] . However, we find that 13 of the 21 levels of this configuration given in [6] were spurious. The following levels from [6] have been replaced by new levels in table 2. (We use here the LS designations from [6] , although for this coupling scheme, it is not possible to specify the J-value of the core term.):
(1 The structure of the 4p 4 5p levels is shown in figure 4 . The levels are designated in jl-coupling. The structures of the 4p 4 5d and 4p 4 6s configurations are shown in figure 5 . As these configurations lie very close in energy, we treat them together.
A number of 4p 4 5d and 4p 4 6s levels were established by Chaghtai et al [5] , based on their observation of resonance lines in the 174-200 Å region. They reported almost all of the levels that could make transitions to the ground term, that is levels with J=1/2, 3/2 or 5/2. Only 4p 4 ( 3 P)5d 4 D 5/2 was missing. These levels were given again in [6] , some with improved accuracy. Our present work confirms most of these levels, improves their accuracies, and provides values for the .532 Å, 5d29-5p27. This transition is predicted to be strong, so this is likely correct. However, since there are no confirming transitions, we consider the level to be tentative.
As can be seen, the lines that establish 5d19 and 5d29, 1114.688 Å and 1115.532 Å, have nearly the same wavelength. The matching of these two lines with the 5d19 and 5d29 levels was done so as to produce the best agreement with the LSF predictions. An effort was made to resolve the question by an isoelectronic comparison. However, the lines were again predicted to be so close that a clear resolution was not possible. In table 3, we list alternative values for the 5d19 and 5d29 levels that would apply if the designations were interchanged.
Higher 4p
4 nd and 4p 4 
ns levels
In [5] some levels of these configurations were located on the basis of resonance lines in the region around 159 Å. In [6] a number of these levels were reported to make transitions to levels of 4p 4 5p. In our present observations many of these lines do not appear as belonging to Zr VI, and we thus conclude that the results for these configurations in [5, 6] cannot be accepted without further confirmation.
Theoretical Interpretation

Odd parity configurations
As in [11] 'the observed configurations were interpreted theoretically by making LSFs of the energy parameters to the observed levels with the Cowan suite of codes, RCN (Hartree-Fock ), RCG (energy matrix diagonalization), and RCE (least-squares parameter fitting) [12] . The Hartree-Fock code was run in a relativistic mode (HFR) with a correlation term in the potential. Breit energies were not included. For the initial calculations the HFR values were scaled by a factor of 0.85 for the direct electrostatic parameters F k , the exchange electrostatic parameters G k , and the configuration interaction (CI) parameters R k '. and 4s4p 5 4d were fixed at their scaled HFR values. The value of the effective interaction parameter α(4p4p) for the 4p 4 5p configuration was fixed at the value observed for the 4p 4 core of Zr VII [15] . In configurations. Their mutual repulsion is only about 320 cm −1 .
Even parity configurations
The parameters for the even configurations are given in table 6. Here, the 4s4p 6 , 4p 4 4d, 5s, 5d, 6s, 6d, and 7s configurations were treated as single group. For the initial calculations the HFR values were scaled by a factor of 0.85 for the direct electrostatic parameters F k , the exchange electrostatic parameters G k , and the CI parameters R k . All the 4 4d resonance transitions, so they have practically no effect on the Ritz values for the resonance lines.
Ritz wavelengths
We determined Ritz wavelengths for a number of the lines by differencing the energy level values in tables 2 and 3. The uncertainties of the calculated wavelengths were taken to correspond to the square root of the sum of the squares of the uncertainties of the combining levels. In Table 1 lists the transition probabilities g U A and log g L f for each observed line as calculated with wavefunctions obtained from the fitted energy parameters. Here, f is the oscillator strength, g U is the statistical weight of the upper level 2J U +1 and g L is the statistical weight of the lower level 2J L +1. The A-values are compared with recently published ab initio values in section 9 below.
Oscillator strengths
Since there are no experimental values for the transition probabilities of Zr VI, it is difficult to estimate the uncertainty of the calculated values. One guide is the cancellation factor. This is the ratio of the calculated transition probability to a value calculated with all parts of the wave function taken as positive [12] . Low cancellation factors generally indicate a larger uncertainty in the calculated values. Indeed, many of the values in table 1 have low cancellation factors. To try to obtain a more quantitative estimate of the uncertainties, we attempted to judge the sensitivity of the values to the parameter values used for the calculation. For this, an alternate calculation was performed with parameters that varied by small amounts from those used for the main calculation. The differences in the results were then used to put the uncertainties on a semi-quantitative basis with code letters, as are often used for this purpose. The letter codes define categories of uncertainties in A-values: C (25%), D+(40%), D (50%), E (>50%).
Ionization energy
In [4] [19] used the generalpurpose relativistic atomic structure package GRASP for calculations within the same complex of n=4 configurations. Both calculations are based on new versions of the Grant atomic structure code, as described in their papers [18, 19] . Froese Fischer [20] has recently discussed the accuracy that might be expected from calculations for complex atoms with GRASP, in particular as applied to the Br-like ion W 39+ . Aggarwal and Keenan also used the flexible atomic code [21] .
A comparison of the results of the ab initio calculations [18, 19] for the wavelengths and transition probabilities with our present values is given in table 8. The wavelengths for Aggarwal and Keenan [19] in this table are differences of the GRASP3 energies in their table 4. Overall, the wavelengths obtained by Singh et al [18] are in better agreement with our present observed wavelengths than those of Aggarwal et al [19] . A notable disagreement for the transition probabilities is for the 4s 2 4p 5 2 P 3/2 -4s 2 4p 4 4d ( 3 P) 4 F 3/2 transition (indices 1-12), observed at 368.600 Å. (The indices are sequential numbers used in [18] and [19] in their enumeration of the energy levels.) Both Singh et al [18] and Aggarwal and Keenan [19] find an extremely low transition probability. However, we obtain a fairly high A-value, and it is indeed observed as a fairly strong line. This transition is nominally forbidden as an inter-combination line in LS-coupling because of the change of spin. However, although the 4p 4 4d level (271 296 cm −1 observed value) has a leading percentage composition in LS coupling of 47% 4p 4 4d ( 3 P) 4 F 3/2 , the full percentage compositions show that it actually has a total doublet character of about 36%. This accounts for our calculated transition probability and observed line strength. Singh et al [18] report a composition of 74% 4p 4 4d ( 3 P) 4 F 3/2 for this level, with no secondary percentage mentioned. Percentage compositions were not reported by Aggarwal and Keenan [19] .
A number of other striking differences can be seen in 
